cc This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. In this work, we performed a proof-of-concept experiment for phase-contrast x-ray imaging (PCXI) based on a single antiscatter grid and a polychromatic x-ray source. We established a table-top setup which consists of a focused-linear grid having a strip density of 200 lines/inch, a microfocus x-ray tube having a focal-spot size of about 5 μm, and a CMOS-type flat-panel detector having a pixel size of 48 μm. By using our prototype PCXI system and the Fourier demodulation technique, we successfully obtained attenuation, scattering, and differential phase-contrast images of improved visibility from the raw images of several selected samples at x-ray tube conditions of 90 kVp and 0.1 mAs. Further, fusion image (e.g., the attenuation＋the scattering) may have an advantage in displaying details of the sample's structures that are not clearly visible in the conventional attenuation image. Our experimental results indicate that single-grid-based approach seems a useful method for PCXI with great simplicity and minimal requirements on the setup alignment.
Introduction
Since Röntgen discovered x-rays in 1895, x-ray imaging techniques have continuously advanced from planar radiography to digital tomosynthesis (DTS), computed tomography (CT), and other approaches, having been standard imaging tools in medicine, industry, material science, biology, etc.
Those techniques have in common attenuation-based contrast according to the density and the elemental composition of the examined object. Besides attenuation contrast, other contrast mechanisms such as dark field and phase contrast, standard in optical microscopy, have also inspired parallel developments in x-ray-based procedures. 1, 2) According to recent related researches, dark-field (sometimes called the scattering) imaging can reveal information about micro-structures invisible in conventional attenuation images, while phase-contrast imaging can dramatically enhance image contrast among samples of different refractive indices. 3, 4) Over the years, a variety of different phase-contrast x-ray imaging (PCXI) techniques have been developed. Among them, grating-based interferometry techniques have shown scattering and phase-contrast images of high resolution and sensitivity with conventional polychromatic x-ray sources and digital detectors. 5, 6) However, they require the time-consuming phasestepping procedure, limiting the imaging speed, and still remain expensive task due to the requirement on specialized gratings. In addition, fabricating large-area gratings especially for applications in medical diagnostics is still not easy.
Recently, Wen et al. developed a variant grating-based method to obtain attenuation, scattering, and differential phase-contrast images from the raw images of the examined object. 7) Here an antiscatter grid that is commonly used in radiography is placed between the x-ray source and the detector acting as a trans- Principle of Single-grid-based PCXI Fig. 1 shows a system layout for the single-grid-based PCXI. Here an antiscatter grid is placed between the x-ray source and the detector and an object to be examined is placed immediately behind the grid. As illustrated in Fig. 1 , a cone beam from the x-ray source is masked by the grid before exposing the object and thus the raw image of the object is modulated by the periodic grid strips. The grid has been originally used to remove (large-angle) scattering x-rays in radiography, enhancing the image contrast. However, the role of the grid in the PCXI is different in that it acts as a frequency modulator to the Fourier contents of the object. Theoretically,
Fourier spectrum of the raw image is the convolution of the object and the grid spectra. Thus it includes a strong primary peak around zero spatial frequency and the first and higher harmonic peaks corresponding to the grid periodicity in the Fourier space. Fig. 2 shows the simplified single-grid-based PCXI procedure. In Fig. 2 , the areas surrounding the primary and the first harmonic peaks are selected separately with a 
In addition, considering that the ratio of the first harmonic image of the object (I1) to I0 is a measure of blurring of the grid shadow by the coherent scattering in the object, a scattering image (Iscatter) can be retrieved by normalizing the ratio I1/I0 with the corresponding ratio of the grid (I1g/I0g):
The normalization step above relative to the reference grid removes all features of the grid itself. The intensity of the scattering image depends on the size of the object's structures, the x-ray wavelength, the grid period, and the system geometry. The size of the structures whose scattering can be appreciably detected is known to be limited to an upper threshold size, 8) which is defined as the scattering length scale, l:
where λ is the x-ray wavelength, P0 is the grid period, D1 is the object-to-detector distance, D2 is the grid-to-object distance, and D3 is the source-to-grid distance. The larger the scattering length scale, the higher the scattering signal. Further consider- ing that the phase of I1 is influenced by slight bending of x-rays by the spatial variations of the refractive index of the object, the phase shift of I1 from the first harmonic image of the grid (I1g) yields a differential phase-contrast image (ΔΦ):
where Φ1 and Φ1g are the phase maps of I1 and I1g, respectively.
In the single-grid-based PCXI, detector resolution needs to be sufficient to sample the first harmonic peak of the raw image. According to the Nyquist sampling theorem, the detector pixel should not be larger than one-third of the period of the grid shadow on the detector surface: where p is the size of the detector pixel. In our system layout, we used a detector of a 48-μm pixel resolution, which meets this criterion for P0=127 μm. shows similar images of the other samples retrieved from their 
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Results and Discussion
Conclusion
We investigated a simplified method to PCXI with a single antiscatter grid and a conventional polychromatic x-ray source.
We obtained concurrently attenuation, scattering, and differ- 
